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Redox-Bohr effectriplasmic triheme cytochrome, PpcB from Geobacter sulfurreducens, were studied
by NMR and visible spectroscopy. The structure of PpcB was determined by X-ray diffraction. PpcB is
homologous to PpcA (77% sequence identity), which mediates cytoplasmic electron transfer to extracellular
acceptors and is crucial in the bioenergetic metabolism of Geobacter spp. The heme core structure of PpcB in
solution, probed by 2D-NMR, was compared to that of PpcA. The results showed that the heme core
structures of PpcB and PpcA in solution are similar, in contrast to their crystal structures where the heme
cores of the two proteins differ from each other. NMR redox titrations were carried out for both proteins and
the order of oxidation of the heme groups was determined. The microscopic properties of PpcB and PpcA
redox centers showed important differences: (i) the order in which hemes become oxidized is III–I–IV for
PpcB, as opposed to I–IV–III for PpcA; (ii) the redox-Bohr effect is also different in the two proteins. The
different redox features observed between PpcB and PpcA suggest that each protein uniquely modulates the
properties of their co-factors to assure effectiveness in their respective metabolic pathways. The origins of
the observed differences are discussed.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionThe bacterium Geobacter sulfurreducens (Gs), a member of the
Geobactereacea family, encodes one of the largest numbers of c-type
cytochromes [1]. Of the 111 putative cytochromes approximately 66%
aremultiheme proteins [1], suggesting a crucial role for these proteins
in Gs cellular metabolism. The co-existence of such a large number
of multiheme cytochromes helps the organism to efﬁciently use a
diverse range of respiratory pathways.
Some multiheme c-type cytochromes produced by Gs have been
shown to participate in electron transfer to metal ions such as Fe(III)
[2–5], Mn (IV) [5], and U(VI) [6]. It was also demonstrated that they can
be involved in transcriptional and post-transcriptional regulation or
processing in Gs [7]. Proteome analysis of Gs performed at different
stages of growth suggested that multiheme cytochromes might have
different functions depending on the metabolic state of the cell as
changes in their relative abundance were observed [8]. However, the
precise functions of these proteins arenot yet elucidated andonlya few
components of the respiratory chain have been characterized so far.eme cytochrome (GSU0612);
U0364)
+351 212 948 385.
iro).
l rights reserved.The best characterized Gsmultiheme cytochrome to date is PpcA,
for which important roles in Gs metabolism and bioenergetics have
been addressed [3,9]. The X-ray structure of PpcA has been de-
termined [10]. Although PpcA is structurally similar to a triheme
cytochrome isolated from Desulfuromonas acetoxidans (hereafter
Dac7) it was shown that the redox properties of the two proteins are
quite distinct [9]. Indeed, the thermodynamic characterization of
Dac7 showed that this protein works as an electron transfer protein
in the physiologic pH range, whereas PpcA can couple electron and
proton transfer. It was proposed that in the presence of extracellular
electron acceptors PpcA might contribute to the H+ electrochemical
potential gradient across the periplasmic membrane that drives ATP
synthesis [9].
Four homologs of PpcA with 57–77% amino acid sequence identity
were identiﬁed inGs genome: PpcB (GSU0364), PpcC (GSU0365), PpcD
(GSU1024) and PpcE (GSU1760) [10]. Studies carried out on Gs with
knockout mutations of the genes encoding the above homologs
showed that cellular U(VI) and Fe(III) reduction activities are affected
[6]. The effects of the knockoutmutants of PpcA and PpcB are different.
These studies suggested that PpcA and PpcBmight be expressed under
particular physiological conditions, allowing the bacterium to adapt to
environmental changes.
Structural and functional characterization of the redox centers in a
multiheme protein is important to assist in the elucidation of its
Fig. 1. Sequence alignment of PpcA and PpcB. Coils and arrows denote helices and β structures, respectively. The non-conserved residues between the two proteins are boxed.
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the four PpcA homologs reported by Pokkuluri et al. [10], PpcB is the
most closely related with PpcA with 77% sequence identity (Fig. 1).
In this study, we report the crystal structure of PpcB and the redox
properties of its co-factors. 2D-NMR was used to probe the heme core
structure of PpcB in solution. For comparison, the redox studies on
PpcAwere redone in the same conditions as described for PpcB in this
work. The results showed that the heme cores of PpcB and PpcA in
solution are similar but the two homologous proteins have different
redox behavior.
2. Materials and methods
2.1. Bacterial strains and plasmids
Escherichia coli strains DH5α (Invitrogen) and JCB7123 [11,12] were used for cloning
and expression, respectively. Cultures were grown in 2×YT medium or on 2×YT agar
plates [13]. Growth media were supplemented with carbenicillin, 100 μg/ml, and where
appropriate, chloramphenicol, 34 μg/ml. Plasmid pEC86, a derivative of pACYC184,
containing the ccm gene cluster [14] was a kind gift from Dr. L. Thöny-Meyer (ETH,
Zürich, Switzerland).
2.2. Cloning, expression and puriﬁcation of PpcB
The DNA fragment coding for the mature sequence of PpcB was ampliﬁed from the
Gs genomic DNA, digested with restriction enzymes NotI and HindIII, and cloned into
vector pVA203 [15]. The vector was digested with the same enzymes. The protein was
expressed in E. coli strain JCB7123 co-transformed with plasmid pEC86. The expression
protocol was the same as for PpcA [16], with the exception that 10 μM IPTG was used for
induction. The protein was puriﬁed by cation exchange and gel ﬁltration column
chromatography following the same approach used for PpcA [10,16]. The ﬁnal yield of
puriﬁed protein was 3 mg/l of culture.
2.3. Crystallization, data collection and structure determination
The cytochrome PpcB was crystallized by the hanging drop vapor diffusion method
using protein at 75 mg/ml in 20 mM sodium phosphate buffer, pH 7.8. Initial screening
produced crystals fromPEG/Ion screen (Hampton Research) condition 12 (20% PEG3350,
0.2 M ammonium iodide). Optimization of this condition was achieved by variation of
the precipitants. Crystals used for diffractionwere obtained from45% Jeffamine ED-2001
(Hampton Research), 0.2 M ammonium iodide. Crystals taken directly from crystal-
lization drops were frozen for data collection by immersion in liquid nitrogen. Three
wavelength X-ray diffraction data sets were collected near the Fe–K edge (for MAD
method) and a high resolution data set was collected at 12 keV (for reﬁnement) using
19BM beamline at the Structural Biology Center (Advanced Photon Source). Data were
processed and scaled with program HKL2000 [17]. The structure was determined using
the MAD method with the program CNS [18]. The electron density after the solvent
modiﬁcation procedure using CNS was of good quality and model building was
accomplished manually with the program CHAIN [19]. Several rounds of reﬁnement
using CNS were performed with intermittent manual adjustments of the model using
the program CHAIN. The ﬁnal reﬁned coordinates along with the structure factors have
been deposited in RCSB Protein Data Bank with accession code number 3BXU.
2.4. NMR spectroscopy
2.4.1. Sample preparation
For NMR experiments, the buffer of the protein solution was exchanged to 99.96%
2H2O using ultraﬁltration methods (Amicon Ultra-4 with 5K cut-off) followed by one
lyophilization step and re-suspended in NaCl/phosphate buffer solution prepared in
99.96% 2H2O to ﬁnal ionic strength 250 mM. The protein concentrations were 300 µMand 70 µM for NMR structural and redox studies, respectively. 1D-1H NMR spectra were
recorded before and after protein lyophilization to check for protein integrity. The
reduced sample was obtained by adding gaseous hydrogen in the presence of catalytic
amounts of Fe-hydrogenase isolated from Desulfovibrio vulgaris (Hildenborough). The
partially oxidized samples, used for NMR redox titrations, were obtained by ﬁrst
removing the hydrogen from the reduced sample with nitrogen and then adding
controlled amounts of air into the NMR tube with a Hamilton syringe.
2.4.2. Structural studies of the heme cores in solution
The heme core architecture of PpcB and PpcA was probed by 1H NMR spectra
obtained in a Bruker DRX-500 spectrometer equipped with a 5 mm inverse detection
probe head with internal B0 gradient coils and a Eurotherm 818 temperature control
unit. Two-dimensional spectra were acquired at 288 K to resolve overlapping signals.
All the 2D-NMR spectra were recorded by collecting 4096 (t2)×1024 (t1) data points to
cover a sweep width of 8 kHz, with 64 scans per increment. The 2H2O NOESY (50 and
100 ms mixing time), TOCSY (40 and 80 ms mixing time) and COSY spectra were
acquired using standard pulse techniques. 1H chemical shifts were calibrated using the
water signal as internal reference. Whenever necessary, NOESY spectra were also
acquired in a Bruker AV-800 spectrometer equipped with a 5 mm triple resonance
probe to resolve overlapping signals.
2.4.3. Redox titrations
The oxidation patterns of both PpcB and PpcA heme groups were monitored by 2D-
1H-exchange spectroscopy (EXSY) at pH 6.7 and 8.0 in a Bruker AV-800 spectrometer.
All the 2D-NMR spectrawere acquired at 288 K collecting 2048 (t2)×256 (t1) data points
to cover a sweep width of 35 kHz, with 256 scans per increment. 1H chemical shifts
were calibrated using the water signal as internal reference.
2.4.4. pH titrations
1D-1H NMR spectra were used to monitor the pH dependence of heme methyl
substituents of PpcB and PpcA in the fully oxidized state at 288 K with 32 k data points
and water pre-saturation. Spectral width of 30 kHz, a pulse width of 9 µs, and a 600 ms
pulse repetition rate were used. A total of 256 transients were acquired. 1H chemical
shifts were calibrated using the water signal as internal reference.
2.5. Ring-current shifts calculation
The heme substituent chemical shifts were calculated by correcting the heme
proton reference shifts (9.36 ppm for heme meso protons, 6.13 for heme thioether
methines, 3.48 for heme methyls, and 2.12 for heme thioether methyls) [20] with the
ring current shifts calculated from the PpcB crystal structure, following the procedure
described by Turner et al. [21] and Messias et al. [22].
2.6. Redox titrations followed by visible spectroscopy and calculation of macroscopic
reduction potentials
Due to the low reduction potentials of the redox centers, anaerobic redox titrations
of PpcB and PpcA (at pH 7 and 8) were performed at 288 K as described previously [20]
with 18 µM protein solutions in NaCl/phosphate buffer to ﬁnal ionic strength 250 mM.
The reduced fraction of the proteins was determined by integrating the area of the α-
peak (551 nm for both PpcB and PpcA) above the line connecting the ﬂanking isosbestic
points (PpcB: 544 and 559 nm; PpcA: 543 and 558 nm) to subtract the optical
contribution of the redox mediators, as described by Paquete et al. [23]. The three
macroscopic reduction potentials were obtained by ﬁtting the experimental variation of
the total reduced fraction to three consecutive one-electron Nernst equations as
previously described [20]. For each protein, the experiments were performed at least
two times, and the reduction potentials were found to be reproducible within ±5 mV.
2.7. Methodology to identify the individual heme oxidation proﬁles
Since PpcB is a triheme protein, it displays eight different microstates in solution,
which can be grouped according to the number of oxidized hemes in four macroscopic
Fig. 2. Stereo view of the superimposition of the Cα traces and the hemes as observed in the crystal structures of PpcB (black) and PpcA (gray). The residue numbers correspond to
PpcA. The deoxycholic acid molecule (DXC) bound to PpcA [10] is also shown. The two structures were overlapped using hemes III and IV porphyrin ring atoms. The chain segments
between residues 45 and 70 of the two proteins have similar structures. The ﬁgure was generated using program CHAIN [19].
Table 1
Comparison of relative geometries and heme solvent exposure of PpcB (monomer 2
values in parentheses) and PpcA [10]
PpcB PpcA
Heme Fe–Fe distances (Å)
I–III 11.7 (11.5) 11.2
I–IV 18.2 (18.8) 20.8
III–IV 12.6 (12.8) 12.6
Angle between heme planes (°)
I–III 73 (72) 86
I–IV 20 (16) 35
III–IV 70 (71) 69
Angle between axial His ring planes (°)
Heme I: His17–His31 79 (88) 57
Heme III: His20–His55 35 (36) 22
Heme IV: His47–His69 75 (81) 89
Heme solvent exposure (Å2)
I 188 (210) 225
III 156 (145) 144
IV 187 (189) 189
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interconversion between oxidation microstates within to the same oxidation stage
(intramolecular electron exchange) is fast on the NMR time scale and the interconver-
sion between microstates belonging to different oxidation stages (intermolecular
electron exchange) is slow, the individual heme NMR signals can be discriminated
[24,25]. Under these conditions, the distribution of paramagnetic shifts observed for
each oxidation stage is governed by the relative microscopic reduction potentials of the
heme groups, and thus provides information on the relative order of oxidation of the
hemes. This data can be obtained from 2D-EXSY NMR redox titrations by following the
positions of the heme methyl signals from their position in the fully reduced protein to
its ﬁnal position in the fully oxidized protein. To achieve this, it is essential to assign the
chemical shifts for all heme methyl substituents in the fully reduced protein.
3. Results
3.1. PpcB crystal structure
Crystals of PpcB diffracted to 1.35 Å resolution and have a space
group of P212121 with two PpcBmolecules in the asymmetric unit. The
unit cell dimensions are a=34.2 Å, b=47.5 Å and c=88.9 Å. Structure of
PpcBwas determined by theMADmethodusing anomalous dispersion
of the heme iron atoms with X-ray diffraction data collected near the
Fe–K edge. The structure was determined with the program CNS and
reﬁned with the programs CNS and REFMAC [27]. The R-factor and the
free R-factor are 0.161 and 0.185, respectively. The Ramachandran plot
shows that 90% of the residues are in the most favored regions, while
none is in the disallowed regions.
The two PpcB molecules in the asymmetric unit are related by a
non-crystallographic two-fold axis approximately parallel to the b-
axis of the unit cell. The two molecules have different interactions
with their neighbors in the crystal and experience different crystal
lattice forces resulting in some variations in their structures. The RMS
deviation of the alpha carbon atoms of the twomolecules (residues 4–
71) is 0.4 Å. All the hemes have bis–His axial coordination. The
structure of PpcB monomer 1 is shown in Fig. 2. The intramolecular
Fe–Fe distances, the angles between heme planes, the angles between
the axial histidine ring planes and the solvent exposures of the heme
groups are listed in Table 1. To be consistent with the literature [28,29],
the heme groups of PpcB (as well as those of PpcA) are numbered I, III,
and IV by analogy to the structurally homologous hemes in tetraheme
cytochromes c3 (heme II is deleted in c7 cytochromes; Roman
numerals indicate the heme number by the order of attachment to
the CXXCH motif in the polypeptide chain).
3.2. Assignment of PpcB heme signals
The 1D-1H NMR spectra of PpcB either in the oxidized or reduced
forms are typical of low spin hemes with bis–His axial coordination
(data not shown), in agreement with the crystal structure. Therefore,
the protein is diamagnetic when reduced (Fe(II), S=0) and para-magnetic when oxidized (Fe(III), S=1/2). Despite the high resolution of
the NMR spectra obtained, the assignment of all heme substituent
signals in a reduced triheme cytochrome with the spatial disposition
of the heme groups as observed for PpcB, PpcA [10], and Dac7 [30] is
unexpectedly more laborious, in comparison with those of tetraheme
cytochromes isolated from the Desulfovibrionacea family [22].
Although showing a similar structural arrangement for hemes I, III,
and IV, the presence of one additional heme group in the tetraheme
cytochromes c3 (heme II) creates a nearly circular arrangement for the
four hemes. Consequently, the chemical shift of each heme substituent
is affected at least by the porphyrin aromatic rings of the two closest
heme neighbors spreading the resonances within the typical chemical
shift region for each type of heme substituent. These are 11–7 ppm for
meso protons 5H, 10H, 15H, and 20H; 7–5 ppm for protons 31H and
81H; 5–1 ppm for heme methyls 21CH3, 71CH3, 121CH3, and 181CH3;
and 3–−1.5 ppm for thioethermethyls 32CH3 and 82CH3 [20,22,31–37].
The PpcB heme proton resonances in the reduced form were
identiﬁed by following the assignment strategy for heme protons in
multiheme ferrocytochromes described by Turner et al. [22] and are
indicated in Supplementary Table. As expected, the same type of heme
I and IV substituents that are solvent exposed (21CH3, 181CH3, and
20H) displayed similar chemical shifts. On the contrary, the chemical
shifts of heme III substituents are more spread due to the ring current
contribution of heme I and IV porphyrin rings. In fact, several heme III
substituent resonances are shifted downﬁeld: meso protons 5HIII and
20HIII; heme methyls 21CH3III, 71CH3III, and 181CH3III; thioether proton
Fig. 3. Comparison between the calculated and observed chemical shifts for all heme
substituents of reduced PpcB. The heme substituents of heme I, III, and IV are represented
by squares, triangles and circles, respectively. The solid line has a unit slope.
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ments were also tested by comparing the observed heme proton
chemical shifts with those calculated from the crystal structure. The
shifts correlate very well, even for the protons subject to the larger
ring current effects (Fig. 3).
3.3. Order of oxidation of the heme groups
As previously shown for the triheme cytochromes PpcA [20] and
Dac7 [29], their intermolecular electron exchange rates are fast at theFig. 4. Portion of an 800 MHz 2D-EXSY NMR spectrum of PpcB (pH 8.0) obtained at intermed
121CH3I , 71CH3III, and 121CH3IV in different oxidation stages are indicated. The Roman and Aratypical experimental conditions used for NMR spectroscopy at 500MHz
due to their relative small size when compared with tetraheme
cytochromes. Thus, the detection of the heme methyl connectivities at
different oxidation stages in the above experimental conditions was
severely impaired by the broadness of the signals. To slow down the
intermolecular electronic exchange rates and to facilitate the observa-
tion of the individual heme redox patterns of PpcA andDac7 at 500MHz,
an intricate interplay of experimental conditions were previously used
[20,29]. Indeed, experiments were carried out at very low temperature
(274 K) with samples at relatively high ionic strength (500 mM).
However, in such conditions low resolution spectra were obtained,
making the observation of all the connectivities difﬁcult [20,29]. PpcB
has similar size and structural features to those of PpcA and Dac7
showing comparable intra- and intermolecular electronic exchange
rates. Consequently, to overcome these difﬁculties, 2D-EXSY NMR
spectra of PpcB and PpcA were acquired in this work at a higher
magnetic ﬁeld (800 MHz). Smaller intermolecular electronic exchange
rates under these new experimental conditions allowed the use of low
ionic strength samples (see Materials and methods) and produced
highly resolved 2D-NMR spectra (Fig. 4). A minimum (8.3×104 s−1) and
maximum (9.0×103 s−1) values for the intra- and intermolecular
electronic exchange rates were obtained in such conditions.
The paramagnetic chemical shifts obtained at pH 6.7 and 8.0 for
PpcB and PpcA heme methyls 121CH3I , 71CH3III, 121CH3IV were used to
monitor the oxidation proﬁles of the individual hemes in the different
oxidation stages (Table 2). The heme oxidation fractions obtained at
pH 6.7 for PpcB (Fig. 5), show that (i) heme III is the heme that is most
oxidized in the ﬁrst oxidation step (largest slope line connecting
oxidation stages 0 and 1); (ii) oxidation of heme I dominates the
second step, and ﬁnally (iii) heme IV dominates the oxidation in the
last step. This is dramatically different fromwhat is observed for PpcA,iated oxidation levels at 288 K. Cross peaks connecting the signals of the heme methyls
bic numbers indicate the heme groups and the oxidation stages, respectively.
Table 2
Chemical shifts of the heme methyl signals in the four macroscopic oxidation stages of PpcB and PpcA at pH 6.7 and pH 8.0 (values indicated in parenthesis)
Oxidation stage Chemical shift (ppm)
PpcB PpcA
121CH3I 71CH3III 121CH3IV 121CH3I 71CH3III 121CH3IV
0 2.73 (2.73) 4.14 (4.14) 3.61 (3.61) 2.55 (2.55) 4.14 (4.14) 3.95 (3.95)
1 7.04 (6.83) 10.33 (9.35) 6.08 (7.74) 12.75 (11.66) 8.12 (7.63) 6.35 (8.06)
2 12.73 (12.35) 12.87 (11.55) 10.07 (12.87) 19.78 (19.47) 11.32 (9.56) 12.04 (15.31)
3 15.06 (15.21) 15.97 (15.91) 19.38 (19.98) 21.62 (21.68) 18.33 (18.39) 18.62 (19.63)
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From the comparison of the global heme oxidation proﬁles between
the two proteins at pH 6.7 (Fig. 5) it is also clear that the oxidation
pattern of the redox centers is different: in PpcB, hemes III and I
behave similarly in the ﬁrst two oxidation steps and the last oxidation
step is dominated essentially by heme IV. However, in PpcA the ﬁrst
two oxidation steps are dominated by the oxidation of just one heme
(heme I) whereas hemes IV and III are oxidized to a similar extent in
the last oxidation step.
3.4. Redox titrations followed by UV–visible spectroscopy
The overall macroscopic redox behavior of PpcB and PpcA was
investigated by redox titrations followed by visible spectroscopy at pH 7
and8 (Fig. 6). TheEapp value (Table3) ismorenegative forPpcB than thatof
PpcA. At pH 7, theEapp values for both proteins shift to less negative values
with the magnitude of the shift being less for PpcB (Fig. 6). The apparent
midpoint potential (i.e., the point at which the oxidized and reduced
fractions of the protein are equal) is pH dependent for both proteins.
4. Discussion
4.1. Comparison of the PpcB and PpcA crystal structures
The superposition of crystal structures of PpcB and PpcA is shown
in Fig. 2. While hemes III and IV superimpose well, the orientation andFig. 5. Oxidation fraction of the PpcB and PpcA heme groups in the four oxidation stages at p
and IV are represented by squares, triangles, and circles, respectively. The heme fractions of o
(δ3−δ0), where δi, δ0, and δ3 are the observed chemical shift of the heme methyl in oxidation
consecutive oxidation stages correspond to the heme that dominates the protein oxidationposition of heme I is different between the two proteins (Table 1). The
protein chain segments between heme III and heme IV have similar
structures; the RMS deviation of alpha carbons for residues 45 to 70
is 0.4 Å. The structural differences between the two proteins were
unexpected taking into account the high sequence identity and that
most of the amino acid replacements occurred on the surface of the
molecule. The likely explanation for such structural differences is the
presence of a deoxycholic acid molecule used in the crystallization of
PpcA. The PpcA structure in the crystal is altered in the positions of
heme I and the surrounding protein segments in order to accom-
modate the bound deoxycholic acid molecule (Fig. 2). It was not
possible to crystallize PpcA without the deoxycholic acid.
4.2. Comparison of the solution and crystal heme core structures
The heme core architectures of PpcB and PpcA in solution were also
studied by NMR techniques and were compared to those in their crystal
structures. The assignments of PpcB heme signals were conﬁrmed by
examining the interheme NOE connectivities, measured from the NOESY
spectra acquired at different mixing times. Based on the PpcB crystal
structure, all the expected NOE connectivities between protons that are
closer than3.5Åwere observed in the100ms spectrum,with exceptionof
that between protons 81HI and 51HIII (Fig. 7). This result shows that the
heme core structures in both crystal and solution are very similar for PpcB.
For PpcA, additional heme NOE connectivities to those expected
based on the crystal structure were observed in solution, suggestingH 6.7 (solid line and solid symbols) and 8.0 (dashed line and open symbols). Heme I, III,
xidation, in each stage of oxidation are calculated according to the equation xi = (δi−δ0) /
stage i, 0, and 3, respectively (see Table 2). The lines with higher slope connecting two
in that oxidation step.
Fig. 6. Redox titrations for PpcB (squares) and PpcA (triangles) followed by visible
spectroscopy at pH 7 (closed symbols) and pH 8 (open symbols). Solid lines indicate the
results of the ﬁts for the three macroscopic reduction potentials, which are indicated in
Table 3.
Table 3
Macroscopic reduction potentials (SHE) and apparent midpoint reduction potentials for
PpcB and PpcA at pH 7 and pH 8
Eapp (mV) E1 (mV) E2 (mV) E3 (mV)
pH 7 pH 8 pH 7 pH 8 pH 7 pH 8 pH 7 pH 8
PpcB −137 −143 −185 −192 −140 −145 −84 −103
PpcA −117 −138 −171 −182 −119 −139 −60 −93
The apparent midpoint reduction potentials (Eapp) correspond to the point at which the
oxidized and reduced fractions are equal. E1, E2, and E3 are the macroscopic reduction
potentials for the ﬁrst, second and third oxidation steps, respectively.
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The unexpected connectivities were observed between hemes I and III
substituents: 121CH3I –32CH3III, 121CH3I –31HIII, and 10HI–32CH3III (Fig. 7).
The observation of these connectivities in solution indicates that these
protons are closer (b3.5 Å) than in the crystal structure (5–6.5 Å).
Therefore, the relative orientation and position of hemes I and III of
PpcA in solution differ from those observed in the crystal. This
suggests that the presence of the deoxycholic acid molecule used in
the crystallization of PpcA is responsible for the major differences
observed in the crystal structures of the two proteins (Fig. 2).
Altogether, the set of NOE connectivities observed for both PpcA
and PpcB clearly show that the heme core architectures of the two
cytochromes in solution are much more similar than that observed in
their crystal structures (Fig. 2). The similarities between the heme core
architecture of PpcA and PpcB can be seen by the excellent correlation
between the measured heme proton chemical shifts in the two
proteins (Fig. 8 and Supplementary Table).
4.3. Origins of the relative variation of the heme reduction potentials
The redox proﬁles showed by individual heme groups of both
proteins are clearly distinct with heme III being the most affected one
(Fig. 5). Indeed, PpcA heme III dominates the last oxidation step and
consequently, it has the highest reduction potential. On the other
hand, PpcB heme III clearly dominates the ﬁrst oxidation step, being
the heme group with the lowest reduction potential. The macroscopic
reduction potentials obtained from the ﬁttings of the redox titration
curves (Table 3) showed that the reduction potential of the last oxi-
dation step in PpcA is −60 mV, whereas that of the ﬁrst oxidation step
for PpcB is −185 mV. This is indicative that the reduction potential of
PpcA heme III is higher in comparison with that of PpcB.
Several factors have been shown to affect the reduction potentials
in multiheme cytochromes (for a review see [38]). From these factors,
heme solvent accessibility and charge distribution are the most
important. As shown in Table 1, the heme solvent accessibilities of
PpcA and PpcB are very similar for heme III and heme IV and thus
charge distribution around the redox centers is most likely to explain
the main redox differences observed between the two proteins.
PpcA has more potentially charged residues than PpcB (three more
negatively charged (E or D) residues and ﬁve more positively charged
(K) residues). From the amino acid sequence comparison of the
two proteins, ten of the sixteen different residues are involved in
charge alteration: D3, K7, D12, K14, K22, K28, K29, and E32 that werepotentially charged in PpcA are not charged in PpcB, whereas residues
P16 and A19 become negative and positively charged, respectively.
Fig. 9 illustrates that four of these charge switches are in the vicinity of
heme I (D3T, P16D, K28A, E32G), six in the vicinity of heme III (D3T,
K14T, P16D, A19K, K22T, K29V), and two in the vicinity of heme IV
(K7T, D12N). The substitutions close to hemes I and IV don't lead to net
charge variations, however this is not the case for heme III. Overall,
the absence of two positively charged lysines near this heme in PpcB
will destabilise its reduced form, favouring its oxidation by electro-
static effects. This difference observed between the two proteins is in
agreement with the lower reduction potential observed for PpcB
heme III.
4.4. Redox-Bohr effect
The difference in the apparent midpoint reduction potentials
obtained from the visible redox titrations carried out at pH 7 and 8 for
PpcB and PpcA (Fig. 6) indicates that the properties of the individual
redox centers are affected by the pH of the solution (redox-Bohr
effect). To monitor the redox-Bohr effect on each heme group it is
necessary to probe the individual oxidation proﬁles of the hemes by
2D-EXSY NMR.
As stated for PpcB, at pH 6.7 the ﬁrst oxidation stage is dominated
by heme III which is 52% oxidized, whereas hemes I and IV have
oxidized fractions of 35% and 16%, respectively. In oxidation stage 2,
heme I (81%) is just slightly more oxidized than heme III (74%), as
depicted by the cross-over between the straight lines in Fig. 5,
whereas heme IV (41%) is much less oxidized. For oxidation stage 1, at
pH 8.0 the same pattern of oxidation was observed. However, at pH 8
(dashed lines in Fig. 5), the increase of one pH unit in the physiologic
range signiﬁcantly alters the oxidation proﬁles of the hemes in
oxidation stage 2, as indicated by the similar oxidation fractions of
hemes III and IV. Altogether, a different pattern emerges at this pH
bringing closer the oxidation proﬁles of the three heme groups.
For PpcA, a pH modulation of the heme oxidation proﬁles was also
observed, but a signiﬁcant different pattern was obtained. At pH 6.7,
heme I dominates oxidation stage 1 being also the heme more
oxidized in oxidation stage 2. In the ﬁrst oxidation step heme IV has
lower tendency to oxidize when compared with heme III (16% and
28%, respectively) and in the second oxidation stage they show similar
oxidation fractions. However, these patterns clearly change at pH 8.0
(dashed lines Fig. 5). The hemes III and IV oxidation fractions are very
similar in oxidation stage 1. Moreover, at oxidation stage 2 the redox-
Bohr effect is even more striking: the oxidized fraction of heme III
(38%) is decreased in comparison with that observed at pH 6.7 (51%),
whereas the opposite is observed for heme IV (55% and 73%,
respectively at pH 6.7 and 8.0). Consequently, at pH 8 the heme III
reduction potential in oxidation stage 2 is substantially increased, so
that heme III dominates even more dramatically the last oxidation
step. The pH dependence of the heme oxidation proﬁles observed for
PpcB and PpcA demonstrate that the network of redox-Bohr
interactions is clearly different in the two proteins and might be
physiologically relevant.
Fig. 7. Stereo view of the PpcB and PpcA heme cores as observed in their crystal structures. The interheme NOE connectivities observed in the 1H NOESY spectra are illustrated. The
dashed lines correspond to the expected connectivities based on the distances obtained from the crystal structures and the solid lines correspond to the unexpected ones.
Fig. 8. Comparison between the observed heme substituent chemical shifts of PpcB and
PpcA. The heme substituents of heme I, III, and IV are represented by squares, triangles
and circles, respectively (see Supplementary Table). The solid line has a unit slope.
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Despite the structural similarities in solution of their heme cores,
the pH modulations of the heme redox properties (redox-Bohr
interactions) of PpcA and PpcB are clearly different. The previous
thermodynamic characterization of PpcA showed that the redox-Bohr
interactions were well described by an electrostatic model that
considers pairwise interactions between the hemes and one proto-
natable center [9]. Although other small electrostatic contributions
cannot be neglected, the similarities between the two cytochromes
anticipate that the changes observed in the heme oxidation proﬁles,
upon increase of pH, are due to the deprotonation of a protonatable
center which modulates the heme reduction potentials throughout
the protein oxidation (redox-Bohr center).
From the analysis of the pHdependence of PpcB heme fractions, it is
clear that heme IV is themost affected, which indicates that the center
responsible for the redox-Bohr effect is located near this heme (cf. the
heme oxidation fractions represented by the same open and closed
symbol in the same oxidation stage in Fig. 5). Moreover, the pH
dependence of the paramagnetic shift of each heme IV methyl groups
showed that 121CH3IV is themost affected (Fig.10) and, consequently, is
sensing a protonation in its close vicinity. Analysis of the PpcB structure
shows that apart from His and Cys residues which are involved in
binding the hemes, all the remaining residues with protonatable
groups (Glu, Asp, Lys, N-terminus, and C-terminus) are distant and
pointing away from 121CH3IV and thus cannot explain such pH
dependence. Consequently, the best candidate to be responsible for
the redox-Bohr effect is the carboxylate group of heme IV propionate
13 (P13IV). The chemical shifts of P13IV CH2 protons are placed in a very
crowded region of the NMR spectrum (data not shown) andmonitoring directly its pH dependence can be misleading. The
paramagnetic chemical shift of a heme substituent has two compo-
nents: (i) the contact shift, which is a through-bond effect and depends
on the heme unpaired electronic distribution; and (ii) the pseudo-
contact shift which is a spatial effect. The magnitude of the observed
paramagnetic shifts is mostly dominated by the contact contribution
[39]. Fromall heme IVmethyl substituents,121CH3IV showed the largest
paramagnetic shift (Fig. 10). This indicates that the heme molecular
Fig. 9. Cα tracing (gray) of PpcB in stereo; the side chains of residues where there is a potential charge variation between the two proteins are shown in black. The residues that are
different between the two proteins (PpcA→PpcB) are: D3T, K7T, D12N, K14T, P16D, A19K, K22T, K28A, K29V, and E32G. The side chains shown are that of PpcB. The view of this ﬁgure
is approximately 180° rotated along the horizontal axis with respect to that in Fig. 2.
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towards the heme substituents 121CH3IV and P13IV. The paramagnetic
shift of a heme substituent is unlikely to be strongly affected by the
through-space electric ﬁeld of a charge. However, due to the
orientation of the heme molecular orbitals in PpcB, the protonation
of P13IV carboxylate group can be indirectly measured on the
paramagnetic chemical shift of the closest heme methyl substituent.
The pKa value of 6.3 obtained from the 121CH3IV chemical shifts pH
dependence is signiﬁcantly higher in comparison with those of free
carboxylic acids (pKa~4), indicating that P13IV carboxylate group is
partially shielded from the solvent.Fig. 10. pH dependence for PpcB (squares) and PpcA (triangles) heme IV methyl group
paramagnetic shifts. Solid lines were obtained by using the least-squares ﬁtting to
Henderson–Hasselbalch equation δobs ¼ δA þ δB−δAð Þ 10
pH−pKa
1þ10pH−pKa , where δobs, δA, and δB
are the observed, protonated, and deprotonated chemical shifts, respectively.In PpcA, heme methyl 121CH3IV is also the one most affected by
the pH of the solution (Fig. 10). From the ﬁtting of the pH
dependence of its paramagnetic chemical shift, a pKa value of 6.9
was obtained. Inspection of the PpcA structure also showed that the
closest protonatable group to methyl 121CH3IV is the P13IV carboxylate
group and thus the same protonatable group is responsible for the
observed redox-Bohr effect in PpcA and PpcB. The unusual pKa value
of the P13IV carboxylate group obtained for both cytochromes
correlates well with the fact that this propionate chain is partially
buried in the protein core.
Finally, it is worth mentioning that, as observed for several
multiheme cytochromes, the pKa of the redox-Bohr center varies
with the oxidation degree of the protein [9,22,23,29,33,34,37]. In fact,
the deprotonation of the redox-Bohr center is facilitated with the
release of electrons and thus the pKa value of the center will decrease
from the fully reduced to the fully oxidized state. The macroscopic
pKa values of the redox-Bohr center were previously determined for
PpcA [9] and a value of 8.4 was obtained for the fully reduced protein.
This conﬁrms that the differences observed on the heme redox
properties at pH 6.7 and 8 for oxidation stages 1 and 2 (Fig. 5) are
also explained by the protonation/deprotonation of the redox-Bohr
center.
5. Conclusions
The results presented in this work illustrate the importance of the
microscopic characterization of the co-factors of a redox protein.
Though the two homologs PpcB and PpcA have similar amino acid
sequences, solution structures, and macroscopic redox properties, the
redox behavior of the individual centers is quite different. The order by
which the hemes become oxidized in the two proteins is different and
so is the redox-Bohr effect. The protonatable center responsible for the
redox-Bohr effect in both proteins was assigned to heme IV propionate
carboxylate group.
The differences in amino acid sequences ﬁne tune the properties of
PpcB and PpcA redox centers so that each protein is optimized for its
cellular function, most probably participating in different metabolic
pathways and interacting with different redox partners.
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